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Abstract

SPACE HUMIDITY CONTROL IN A SINGLE SPEED VERSUS VARIABLE SPEED
HVAC SOLUTION
Koukouni Pega Kone
Thesis Chair: Nelson Fumo, Ph.D.
The University of Texas at Tyler
May 2020
Conventional air conditioning systems in houses respond to thermal loads by means of
controlling dry-bulb temperature through the thermostat. As part of the process of
conditioning the air, dehumidification is also provided. However, as houses are becoming
more efficient, supplemental dehumidification is often necessary in homes located in hot
and humid climates to control relative humidity intentionally. This study compared the
dehumidification performance of three residential air conditioning systems: a system with
a variable speed mode (VSPD), a system with an enhanced dehumidification mode
activated (Enhanced Dehum), and a system without enhanced dehumidification
capabilities (Normal Cooling). The research facility was equipped with a Data
Acquisition (DAQ) system to record the indoor and outdoor conditions at 15-second
intervals. Two types of days were of interest in the study, hot and humid days (summer
season) and mild and humid days (shoulder seasons). The dehumidification performance
was assessed, and the VSPD mode was able to maintain relative humidity between 50%
to 52% on summer days and between 55% to 58% in the fall shoulder season. Enhanced
Dehum controlled the relative humidity between 53% to 55% and between 50 to 55%
respectively in the summer and fall shoulder seasons. Normal Cooling maintained the
vi

relative humidity above 55% in both types of days with levels above 60% in some
instances in the fall shoulder season. In terms of efficiency, the VSPD removed more
water condensate per kilowatt-hour than Enhanced Dehum and Normal Cooling
respectively.

vii

Chapter 1
Introduction
Introduction
Humidity control in residential buildings has traditionally been achieved as a byproduct of the cooling and dehumidification process of an air conditioning unit. In this
process, humidity is controlled within acceptable levels by reducing the amount of water
vapor in the air. Humidity control improves comfort and indoor air quality while offering
a layer of protection for homes, occupants and their possessions against moisture-related
issues. In hot and humid climates however, humidity control has been more challenging
especially at part load conditions when there is not enough sensible cooling load to create
thermostat demand. In fact, data from a limited number of field studies by Khattar [1] and
Henderson [2] proved that the dehumidification capabilities of a cooling coil degrade at
part load conditions.
It is generally believed that a variable speed air conditioning system can provide
better dehumidification and humidity control than a conventional single-speed system
due to its prolonged runtimes. This study aims at comparing and quantifying the humidity
control performance of three systems or operation modes: a system with a variable speed
mode (VSPD), a system with an enhanced dehumidification mode activated (Enhanced
Dehum), and a system without enhanced dehumidification capabilities (Normal Cooling).
To do so, a methodology to separate the summer from fall shoulder season days was
developed. In addition, a performance plot was used to compare the operation mode
performance independently of weather conditions.
1

Chapter 2
Literature Review
The primary benefit of humidity control is that it provides comfort and
helps protect homes and possessions [3]. Too much moisture inside a house leads to mold
growth and bacteria which can result in health issues while moisture level below 40
percent can cause dry throats and noses to occupants [4]. Humidity control is vital for
occupants’ comfort in indoor environments and good humidity control can reduce energy
consumption [5]. This is especially true in a warm and humid climate where
dehumidification is required to reduce the amount of water vapor in the air to maintain
recommended levels. Common humidity control methods include: (1) dehumidification
on cooling coils as a consequence of handling sensible cooling and (2) direct
dehumidification using dehumidifiers [6]. The United States of America's demand for
heating, ventilation, and air conditioning (HVAC) equipment has increased from nearly
11 billion US dollars in 2004 to 19 billion US dollars in 2014 [7]. The market for
supplemental dehumidification in the residential space conditioning industry is still in its
early stages and technology continues to improve as homes become more efficient.
Humidity control has become an acknowledgments issue in newer homes because
of tighter constructions. Tighter homes have less natural ventilation and tend to trap
moisture loads from daily activities, such as cooking and showering, for instance [4]. For
years, air conditioning systems have provided dehumidification as part of the process of
conditioning the humid air by means of controlling the dry-bulb temperature in a house.
In fact, field testing of traditional homes in hot, humid climates by Shirey et al. [8] has
2

proven that conventional cooling equipment could be considered adequate to meet
dehumidification loads. In general, those systems can maintain humidity levels within an
acceptable range (below 60%) but cannot control it to a precise level [9]. However, as
homes become more energy-efficient, an indirect approach to humidity control is less
effective especially during the spring and fall shoulder season (mild temperature, high
humidity). This was demonstrated by Rudd and Henderson [10] field monitoring of
indoor moisture in newer and energy-efficient homes. One reason for a less effective
humidity control achieved in shoulder seasons is that energy-efficient houses have lower
sensible heat gain than traditional houses while the latent load in energy-efficient homes
almost prevails due to ventilation requirements [11] and internal moisture generation by
occupants [12]. In warm and humid climates, low sensible heat gain translates into less
moisture removal and supplemental dehumidification is often necessary to maintain
relative humidity to acceptable levels [13]. Another reason for a more direct approach to
humidity control in high-performance houses is that the percentage of dehumidification
energy consumption from the total energy consumption can rise from 1.5–2.7% to as
much as 12.6–22.4% if the relative humidity is outside of the desirable range of 50–60%
[14]. In a lack of direct control of humidity in standard systems, supplemental
dehumidification can be provided by using separated or integrated dehumidification
equipment [15].

3

Single-Speed Direct Expansion (DX) AC
A single-speed DX AC system refers to a system equipped with a single-speed
compressor and supply fan which operates on On-Off cycling of the compressor. They
are widely used for controlling indoor air temperature and relative humidity in buildings
because they are simpler and energy-efficient while also costing less to own and maintain
[16]. In order to test the temperature and humidity control performance of a single-speed
DX system, Chen et al. [17] tested a direct expansion based enhanced dehumidification
air conditioning (EDAC) system for improved indoor humidity control in hot and humid
climates. Their research proved that for a hot and humid climate, an enhanced
dehumidification air conditioning (EDAC) was capable of achieving year-round
improved indoor humidity control while maintaining the target indoor air temperature.
Additionally, the EDAC system achieved those results at higher energy efficiency than a
conventional On-Off controlled single evaporator DX AC system.
Another study by Douglas [18] has proven conventional (DX) systems with
enhanced dehumidification components such as a wraparound heat pipe exchanger or
wraparound desiccant dehumidifier can improve an integrated system’s moisture removal
capacity, thus resulting in a lower SHR that can better match higher latent loading
applications.

Variable Speed Direct Expansion AC
Variable speed compressor technology relies on a compressor and static inverter.
The static inverter converts the incoming alternating current to direct current. The

4

variable-frequency alternating current is used to drive the compressor motor which is
then capable of varying its speed and its amount of heating or cooling. When variable
speed systems are designed to monitor both temperature and relative humidity, and
change its operation mode accordingly, the system can be more adaptable to achieve
improved comfort when compared to a single-speed system [19]. In fact, Variable speed
systems can often operate at 30-40% of their rated cooling capacity and adjust the fan
speed to lower cycling losses and improve indoor humidity control respectively [20].
Furthermore, variable speed systems are energy efficient. According to the office of
Energy Efficiency and Renewable Energy, a variable speed motor running continuously
at half speed use 25% of the power that a single-stage motor would use to move the same
amount of air [21].

Air Conditioning Psychrometric and Dehumidification
Psychrometrics deal with the properties of moist air and it plays an important role
in heating, cooling, humidification and dehumidification processes as it affects the
thermal comfort of building’s occupants [22]. The psychrometric chart displays the
properties of moist air in terms of dry-bulb temperature, wet-bulb temperature, dew-point
temperature, humidity ratio, relative humidity, enthalpy, and specific volume. The
amount of water vapor in the air varies depending on conditions; however, only two of
these properties are required to identify the state of moist air. In an air conditioning
system, the process in which air is cooled simultaneously as moisture removal occurs is
called the cooling and dehumidification process. Dehumidification occurs when air is
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cooled below its dew point. More precisely, when room air passes over the evaporator
coil maintained at a low dew point (40°-50°F), its dry bulb temperature and moisture
content are reduced. The water condensate formed on the cooling coils is then removed
by drain tubes. Typically, modern air conditioning systems can remove 5 to 20 gallons of
water per day [23]. Figure 1 shows a psychrometric chart with an ongoing cooling and
dehumidification process for illustration purposes. The change of water vapor ( vertical
axis on the right) from point 1 to 2 constitutes the amount of water vapor, in kg per kg of
dry air, removed during the cooling and dehumidification process.

Figure 1. Cooling and dehumidification process [22].

6

Chapter 3
Materials and Methods
Research Facility
The facility used for this study was the “Patriot House” on the campus of the
University of Texas at Tyler. The research house is a Net-Zero Energy house with a
Home Energy Rating System (HERS) of minus 11 with a 7.4 kW solar photovoltaic
array. A direct expansion HVAC system with operation mode switches achieved by
software changes was used. Appendix A displays pictures of the research facility and its
floor plan.
Layout
Figure 2 presents a layout of the research facility with the supply registers of the
conditioned space identified with their airflows in cubic feet per minute (CFM) while
Figure 3 shows a layout of the research house with the airflow delivered from the ERV.
The Energy Conservatory Minneapolis Duct Blaster system was used to measure the
airflows shown in Figures 2 and 3.

7

Figure 2. Research facility layout with supply registers.

Figure 3. Supply airflow rate provided by the ERV.
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Sensors
Conditioned Space
A combination of Type T Thermocouples and Humidity/Temperature Transmitter
(Dwyer RHP-2W10) was used to monitor the conditions of the indoor space. Each
Thermocouple and Transmitter was mounted onto a stand-alone pole and placed in the
living room and three bedrooms. The sensors selected allowed to achieve a temperature
sensor accuracy of ±0.4°F to ±1°F. The range of accuracy for the relative humidity was
±2% for measurements between 10% and 90%. Both thermocouples and temperature/RH
transmitter were wired to National Instruments hardware. Figure 4 shows the spatial
arrangements of the sensors in the living room and master bedroom. The spatial
arrangements of the sensors in each room can be found in Appendix B.

Figure 4. Temperature and RH stand-alone poles in the Living Room (left) and Master
Bedroom (right).
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Outdoor Conditions (Weather Station)
The research facility was equipped with a weather station that provides reliable
weather data such as outdoor temperature, outdoor relative humidity, dew point, solar
radiation, and wind speed. Figure 5 shows the weather station installed outside the house.

Figure 5. Weather Station Installed on the Research Facility.
Roof and Wall Structures
The house also features thermocouples installed in the roof and wall structures. Although
these measurements were not vital to the study, the main ones are listed below:
EastWallFrontBedroom

EastWallMidBedroom

EastWallMasterBedroom

SouthWallMasterBedroom

SouthRoofLWest

SouthRoofSEast

WestRoofDiningArea

WestRoofKitchenArea
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System Components and Installed Hardware
Outdoor Unit
A 2-ton outdoor unit composed of a compressor with a variable speed drive,
condenser, and fan was used to conduct the research. Figure 6 shows the location of the
outdoor unit on the southside of the house.

Figure 6. Outdoor Unit on southside of the House.

Outdoor Unit Sensors
The outdoor unit was installed with sensors monitoring key variables pertaining to
the performance of the outdoor unit. Those variables were:
Compressor Speed

Outdoor Fan Speed

Suction Pressure

Saturated Suction Temperature

Outdoor Gas Temp

Outdoor EEV Position

Outdoor Liquid Temperature

Outdoor Liquid Pressure
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Indoor Unit
The 2-ton indoor unit (Air Handler Unit) was in the attic and consisted of an Ashaped coil and blower fan. The nominal setting for the unit was 370 SCFM/ton. Figure 7
shows the Air Handler Unit.

Figure 7. Air Handler Unit.

Indoor Unit Sensors
Multiples sensors were installed on the unit to monitor its performance. Examples
of variables monitored at the indoor unit include:
Indoor Blower Fan Speed

Indoor Superheat

Indoor Coil Temperature

Indoor Coil Gas Temperature
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Data Acquisition
The house uses two National Instrument CompactRio (cRIO) Controllers for
several tasks such as signal input, output, digital, analog, temperature, pressure. For the
project at hand, the required cRio modules were a Thermocouple (NI-9213) and Current
modules (NI-9208). Within each module type, there were more options that relate to
channel capacity and type, sample rate, and other specific options.
LabView
The house uses two LabView Virtual Instruments (VI) to handle the data acquisition and
forward it to the TRANE database. First, in the acquisition sub-VI, the 15 seconds
average of each signal was taken. Each value was then fit into a cluster type data to be
forwarded to the main VI. The main VI would then call for the data set created by the
sub-VI to flatten to a string and send it to the TRANE online database via TCP/IP
protocol (Main VI seen on Figure 8).

Figure 8. Main VI for forwarding data to the Trane Database.
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Testing Procedures and Data Access
The tests in the three operations modes were conducted following a test schedule
provided by Trane. The schedule was altered throughout the summer when issues where
encountered. Figure 9 shows an example of a monthly schedule followed during the
project. For all three modes, the target temperature and relative humidity were 75°F and
50% respectively.
With more than 5000 data points per day, accessing and analyzing the data with a
normal spreadsheet software was challenging. Consequently, Python was used to
facilitate the access and analysis of the data available through MySQL Workbench.

Figure 9. Example of Test Schedule.
Approach for Performance Comparison
Knowing that finding days to evaluate both operation modes under similar
conditions would be challenging, a dehumidification performance plot was used to
compare the actual daily dehumidification (Y-axis of Figure 10) with respect to a
reference humidity load (X-axis of Figure 10). The daily dehumidification was obtained
from the sum of the differences in humidity ratio between the outdoor and indoor
conditions multiplied by the time interval of data collection in 24 hours. The daily
humidity load, on the other hand, was obtained as the sum of differences in humidity
ratio between the outdoor and ideal indoor conditions (75°F, 50 % RH) multiplied by the
14

time interval of data collection. This approach worked because the house was
unoccupied, and the humidity load introduced was due to mechanical ventilation of the
ERV as well as infiltration. This approach allowed the comparison of performance for
each day independently of weather conditions.

Figure 10. Dehumidification Performance Plot.
Methodology to Separate Summer and Shoulder Season
Because results showed that the operation modes performed differently in the
summer and fall shoulder season, it was thought that a methodology to estimate an
approximate cutoff day between summer and fall seasons was important to have more
general conclusions. The rationale behind the methodology was that the cutoff day
between summer and fall season should account for the effects of the weather as well as
the response of the system. Therefore, the daily cooling degree days (CDD), based on the
actual balance point temperature of the house, was selected to account for weather and
daily amount of time the system was off (compressor off time) was chosen to account for
system response to the weather. The CDD is the number of degrees that a day’s average
temperature is above a base temperature (usually 65°F).
15

The balance point of the house was first determined. Figure 11a shows that 70°F
was determined to be the house balance point by finding the outdoor temperature for
which the system would start running after being off for a long period. The balance point
made sense because days when the outdoor temperature was considerably above 70°F
had frequent cooling cycles (see Figure 11b) while the ones with outdoor temperatures
below 70°F had longer gaps between cycles or no cycles (see Figure 12c).

Figure 11a. Research facility balance point determination (October 8,2018).

Figure 11b. Research facility balance point determination (October 11,2018).
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Figure 11c. Research facility balance point determination (October 17,2018).
The Thompson Tau technique was applied to the data of CDD and compressor off
time to remove outliers. Next, the CDD and compressor off time were normalized and
plotted for the days during the test period. As illustrated in Figure 12, the trend lines or
curve fittings for the data show how September 3rd was obtained as a reference day
between the summer and fall seasons. The 2nd order polynomial curve fits for the CDD
and system time off were respectively 𝑦𝐶𝐷𝐷 = −6 ∙ 10−5 𝑥 2 + 4.95𝑥 − 107241 and
𝑦𝑂𝑓𝑓 = 1.4 ∙ 10−5 𝑥 2 − 1.209𝑥 + 2.614.

Summer

Fall

Figure 12. Illustration of the methodology to separate summer and fall season.
17

Chapter 4
Results and Discussion
2018 Results
As mentioned before, a Python script was used to generate daily data plots to use
in the analysis. Table 1 shows the main data output plots generated daily while examples
of Figures pertaining to those plots can be seen in Appendix D.
Table 1. Daily Output Plot Generated on Python.
Output Plot

1

2

3

4

Variables

Units

Living Room TC
Mid Bedroom TC
Front Bedroom TC
Master Bedroom TC
°F
Outdoor Temperature
Living Room RH
% RH
Mid Bedroom RH
% RH
Front Bedroom RH
% RH
Master Bedroom RH
% RH
Outdoor Dew Point
°F
Living Room Dew Point
Mid Bedroom Dew Point
Front Bedroom Dew Point
Master Bedroom Dew Point
°F
Outdoor Dew Point
Compressor Speed
RPS
Outdoor Fan Speed
RPS
Indoor Coil Temperature
°F
Indoor Gas Temperature
°F
Outdoor Coil Temperature
°F
Indoor Airflow
SCFM
Indoor EEV Position
Steps

Analysis of the data collected allowed to present the results of the study with
trends identified. For the study, it was also important to highlight the role of the ERV.
18

Because the house was unoccupied, the ERV was the primary source of humidity load in
the facility. Figure 13 presents the daily dehumidification versus humidity load for all
the days collected. The relative humidity lines correspond to a plot of humidity load at
indoor conditions of 75°F and 45%,50%,55% RH (Y-axis) versus the reference humidity
load at 75°F and 50% RH(X-axis). The lines help evaluate the mode performances in
terms of relative humidity. From the figure, there were no clear trends; consequently, the
results were separated in 2 periods corresponding to summer and shoulder seasons.

Figure 13. Daily Dehumidification vs. Humidity Load for the Entire Test Period.

Summer Season Days 2018
Figure 14 shows the daily dehumidification vs humidity load for the data
collected in the summer season. From the figure, VSPD dehumidified more effectively
than Enhanced Dehumidification and Normal Cooling respectively. In fact, VSPD was
able to maintain the relative humidity between 50% to 52% while Enhanced
Dehumidification maintained it between 53% to 55%. Normal Cooling kept the relative
humidity levels above 55% on those summer days.

19

Figure 14. Daily Dehumidification vs. Humidity Load on Summer Days.
Shoulder Season Days
The days in the shoulder season were characterized by milder temperature and
high humidity and thus a less effective humidity control. Another characteristic of the
shoulder season was the shorter equipment run times because of the lower sensible heat
gain on the facility. Figure 15 shows that contrary to the summer type days where VSPD
achieved better results than Enhanced Dehumidification, VSPD and Enhanced
Dehumidification achieved similar performances on shoulder season days with Enhanced
Dehumidification performing slightly better in some instances. In fact, Enhanced
Dehumidification achieved a humidity control between 50% to 55% while VSPD
controlled the humidity between 55% to 58%. Normal Cooling came in third and
maintained the relative humidity near or above 60%.

20

Figure 15. Daily Dehumidification vs. Humidity Load on Shoulder Season Days.

Energy Consumption and Water Removal
A comparison of daily water condensate as a function of the daily energy
consumption was performed between the operation modes to determine whether one
operation mode was more efficient than the others. Table 2 and Table 3 display the liters
of water condensate per total energy consumption (ODU + AHU). The daily water
removal was obtained after performing a mass balance using the supply and return
conditions of the AHU as well as the AHU airflow in SCFM. From these two tables,
VSPD was more efficient than Enhanced Dehum and Normal Cooling since it removed
more liters of water condensate per kWh of energy on average.
In the summer, the average gallons of condensed water per energy was 2.3
L/kWh, 2.2 L/kWh, and 2.0 L/kWh for VSPD, Enhanced Dehum, and Normal Cooling
respectively. In other words, VSPD removed roughly 6% more water condensate per
kWh than Enhanced Dehum and 15% more water condensate per kWh than Normal
Cooling.
21

In the fall shoulder season, the averages for VSPD, Enhanced Dehum, and
Normal Cooling were 2.4 L/kWh, 1.9 L/kWh, and 2.0 L/kWh respectively. It means the
VSPD removed about 21% more water condensate per kWh than Enhanced Dehum and
18% more than Normal cooling in the shoulder season.
Table 2. Water removal per energy consumption on Summer Days.
Summer Season
Date
11-Jun
12-Jun
21-Jun
22-Jun
26-Jun
7-Jul
8-Jul
9-Jul
11-Jul
12-Jul
13-Jul
15-Jul
16-Jul

Normal Cooling (kWh)

Enhanced Dehum VSPD Water Water/Energy
(kWh)

(kWh)

(L)

(L/kWh)

9.64
10.64

21.6
22.7
22.9
26.9
22.3
22.3
19.7
21.2
19.7
19.3
20.4
23.7
23.5

2.24
2.13
1.96
2.12
2.12
2.04
2.25
2.55
2.62
2.24
2.27
2.02
1.94
1.87

11.7
12.7
10.94
9.94
7.71
8.10
8.80
8.50
10.10
12.2
12.6
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Table 3. Water removal per energy consumption on Shoulder Days.
Fall Shoulder Season

Date

3-Sep
5-Sep
6-Sep
7-Sep
11-Sep
22-Sep
23-Sep
24-Sep
26-Sep
30-Sep
1-Oct
3-Oct
4-Oct
6-Oct
7-Oct
8-Oct
13-Oct
14-Oct

Normal

Enhanced

Cooling

Dehum

(kWh)

(kWh)

VSPD

Water

Water/Energy

(kWh)

(L)

(L/kWh)

15.1
19.9
20.4
20.6
9.8
15.5
14.4
14.4
15.8
12.5
15.5
17.4
18.9
18.2
17.8
14.8
4.9
12.1

2.10
2.07
1.96
2.10
2.94
2.02
1.97
1.97
2.00
2.21
2.11
1.89
1.80
1.69
1.79
1.86
1.85
2.07

7.20
9.6
10.4
9.8
3.35
7.70
7.30
7.30
7.90
5.65
7.36
9.2
10.5
10.80
10.00
7.90
2.66
5.85
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Chapter 5
Conclusions and Recommendations
The comparison of a residential heat pump with variable speed, enhanced
dehumidification, and normal cooling modes was performed using a unit that allows the
three operation modes by software changes. Data collection in the three operation modes
took place during the cooling season in 2018. Trends on dehumidification performance
showed a significant difference between summer days and shoulder fall season. This
motivated the development of a methodology to approximate a reference day to separate
these two seasons in the data analysis. As expected, the dehumidification performance of
the modes decreased in the shoulder season, which was characterized by part load
conditions and shorter equipment run times. This result confirms that supplemental
dehumidification is necessary in warm and humid climates since the modes were less
effective in the shoulder season.
For the analysis of the data, a performance plot of daily dehumidification versus
daily humidity load allowed the comparison of daily performances independently of the
weather conditions. In the summer type days, VSPD proved to be more effective than
Enhanced Dehum and Normal Cooling. In fact, VSPD was able to maintain the indoor
relative humidity levels within 50% to 52%, as opposed to Enhanced Dehum and Normal
Cooling that kept the levels between 53% to 55% and between 55% to 60% respectively.
In the shoulder season, VSPD, Enhanced Dehum, and Normal Cooling controlled the
relative humidity between 55% to 58%, 50% to 55% and near or above 60% respectively.
Although VSPD in the fall shoulder season did not dehumidify as well as it did in the
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summer, the operation mode still maintained the humidity below the 60% recommended
level. Furthermore, VSPD proved to be more energy-efficient than the two other modes.
VSPD removed more liters of water condensate per energy than Enhanced Dehum and
Normal Cooling in the summer and fall shoulder season.
In warm and humid climates, the increased use of variable speed AC systems
offers the potential for improved year-round humidity control and energy savings.
With the dynamic nature of the project at hand, the data collection plans were
often altered to satisfy new testing conditions of interests. The collection plans were also
obscured by hardware and software issues encountered during the testing season. From
the knowledge gained and system improvements planned, future works should allow for
further breakthroughs on the topic of humidity control. A potential future work
opportunity would be to reproduce the same tests in a more traditional home to compare
to the results obtained in the high-efficiency home.
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Appendix A. Research Facility

Appendix A1. Research facility with the Patriot House on the Left.

Appendix A2. Photovoltaic array of the Patriot House.
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Figure A3. Technical Floor Plan of the Facility.
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Appendix B. Indoor Images

(a)

(b)

(c)

Figure B1. Living room (a),Master bedroom (b),and Middle bedroom (c) sensor pole.

(d)

(e)

Figure B2. Front bedroom sensor pole (d), and Temperature/RH sensor and
Thermocouple (e).
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Appendix C. Data Acquisition

Figure C1. National Instruments NI-9074 chassis with connected modules.

Figure C2. Pressure sensors in the DAQ room.
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Figure C3. Electric meters in the DAQ room.
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Figure C4. Sub-VI for Data Acquisition.
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Figure C5. Main VI for forwarding data to the Trane Database.
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Appendix D. Example of figures used for daily analysis

Figure D1. Example of Temperature in Normal Cooling.

Figure D2. Example of Relative Humidity in Normal Cooling.

Figure D3. Example of Dew Point Temperature in Normal Cooling
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Figure D4. Example of Equipment Data in Normal Cooling.

Figure D5. Example of Temperature in Enhanced Dehum.

Figure D6. Example of Relative Humidity in Enhanced Dehum
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Figure D7. Example of Dew Point Temperature in Enhanced Dehum.

Figure D8. Example of Equipment Data in Enhanced Dehum.

Figure D9. Example of Temperature in VSPD.
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Figure D10. Example of Relative Humidity in VSPD.

Figure D11. Example of Dew Point Temperature in VSPD.

Figure D12. Example of Equipment Data in VSPD.
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Appendix E. Uncertainty Analysis
An uncertainty analysis was conducted to determine the uncertainty in the daily
humidity load and daily dehumidification. To report an approximate uncertainty for
calculations, the individual uncertainties in the temperature and relative humidity
measurements must be carried through when the parameters are added, subtracted,
multiplied, or divided. The individual (ω) uncertainties in outdoor and indoor
temperature/relative humidity were as follow:
𝜔 𝑇𝐶𝑜𝑢𝑡 = 0.18°𝑅

𝜔 𝑇𝐶𝑖𝑛 = 0.10°𝑅 𝜔𝑅𝐻𝑜𝑢𝑡 = 1.5% 𝜔𝑅𝐻𝑖𝑛 = 0.5%

When parameters with uncertainty are added, or subtracted for a measurement, q,
the uncertainty, ω, is computed by summing the individual uncertainty of parameters x
and y in quadrature as shown below:
𝜔𝑞 = √(𝜔𝑥 )2 + (𝜔𝑦 )

2

(1)

For equations with multiple measured values, the uncertainty of a calculated
quantity q for instance, is a function of the measured values x, z with uncertainties ωx, ωz
and is obtained from:
𝜕𝑞

2

2

𝜕𝑞

𝜔𝑞 = √(𝜕𝑥 ∙ 𝜔𝑥 ) + (𝜕𝑧 ∙ 𝜔𝑧 )

(2)

Table 4 presents the uncertainty in the daily humidity load (DHL) and daily
dehumidification (DDHM) for a couple of summer days and fall shoulder season. The
table was limited to three days in each period because the uncertainties were similar in
terms of percentage for the days in each period (uncertainties varied between 4 to 6%). A
step by step calculation of the uncertainties can be found in below.
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Table 4. Uncertainty in daily humidity load and daily dehumidification.
Date/Mode

DHL
(lb w/lb da)

Jul 15/ NC
Jul 13/ ED
Jul 9/ VSPD

0.00878
0.00853
0.00878

Sep 7/ NC
Sep 22/ ED
Sep 12/ VSPD

0.00850
0.00897
0.00757

DDHM
(lb w/lb da)
Summer
0.008
0.008
0.008
Fall Shoulder
0.0068
0.0078
0.0065
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Uncertainty
DHL (%)

Uncertainty
DDHM (%)

5.10
4.85
4.57

5.50
5.10
4.67

4.88
3.99
4.47

5.50
4.21
4.71

Example of Uncertainty Analysis
1- Initial data
Outdoor Temperature and RH
𝑇𝐶𝑜𝑢𝑡 = 90.5 °𝐹 𝑅𝐻𝑜𝑢𝑡 = 57.8%
Indoor Temperature and RH
𝑇𝐶𝑖𝑛 = 74.9 °𝐹 𝑅𝐻𝑜𝑢𝑡 = 54.0%
Ideal Temperature and RH
𝑇𝐶𝑖𝑑 = 75.0 °𝐹 𝑅𝐻𝑖𝑑 = 50.0%
Atmospheric Pressure
𝑃 = 14.7 𝑃𝑠𝑖
2- Individual uncertainties (ω) in outdoor and indoor temperature/RH
𝜔 𝑇𝐶𝑜𝑢𝑡 = 0.18°𝑅 𝜔 𝑇𝐶𝑖𝑛 = 0.10°𝑅 𝜔𝑅𝐻𝑜𝑢𝑡 = 1.5% 𝜔𝑅𝐻𝑖𝑛 = 0.5%
3- Temperature in Rankine (TR) and Uncertainty as Percentage
𝑇𝑅𝑜𝑢𝑡 = 𝑇𝐶𝑜𝑢𝑡 + 459.67 = 90.50 + 459.67 = 550.17°𝑅
𝑇𝑅𝑖𝑛 = 𝑇𝐶𝑖𝑛 + 459.67 = 74.96 + 459.67 = 534.63°𝑅
𝑇𝑅𝑖𝑑 = 𝑇𝐶𝑖𝑑 + 459.67 = 75.00 + 459.67 = 534.67°𝑅
𝜔 𝑇𝐶𝑜𝑢𝑡
0.18
=
∙ 100% = 0.033%
𝑇𝑅𝑜𝑢𝑡 550.17

4- Uncertainty in Relative Humidity in Percentage
𝜔𝑅𝐻𝑜𝑢𝑡
1.5
=
∙ 100% = 2.595%
𝑅𝐻𝑜𝑢𝑡 57.80
5- Saturation Pressure (Psat) and Uncertainty in Percentage (ωPsat)
−10440.397
𝑃𝑠𝑎𝑡𝑜𝑢𝑡 = 𝑒𝑥𝑝 [
− 11.29465 − 0.027022355 ∙ 𝑇𝑅𝑜𝑢𝑡
𝑇𝑅𝑜𝑢𝑡
+ 0.00001289036 ∙ 𝑇𝑅𝑜𝑢𝑡 2 − 0.0000000024780681 ∙ 𝑇𝑅𝑜𝑢𝑡 3
+ 6.5459673 ∙ ln(𝑇𝑅𝑜𝑢𝑡 )]
𝑃𝑠𝑎𝑡𝑜𝑢𝑡 = 0.71 𝑃𝑠𝑖

𝜔𝑃𝑠𝑎𝑡𝑜𝑢𝑡

2
𝜕
√
= (
𝑃𝑠𝑎𝑡𝑜𝑢𝑡 ∙ 𝜔 𝑇𝐶𝑜𝑢𝑡 ) = 0.004
𝜕𝑇𝑅𝑜𝑢𝑡
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𝜔𝑃𝑠𝑎𝑡𝑜𝑢𝑡
0.004
∙ 100% =
∙ 100% = 0.563%
𝑃𝑠𝑎𝑡𝑜𝑢𝑡
0.71
6- Vapor Pressure (Vp) and Uncertainty in Percentage
𝑉𝑝𝑜𝑢𝑡 =

𝜔𝑉𝑝𝑜𝑢𝑡

𝑅𝐻𝑜𝑢𝑡
57.80
∙ 𝑃𝑠𝑎𝑡𝑜𝑢𝑡 =
∙ 0.71 = 0.410 𝑃𝑠𝑖
100
100

2
2
𝜕
𝜕
√
√
)
= (
𝑉𝑝 ∙ 𝜔 𝑇𝐶𝑜𝑢𝑡 ) + (
𝑉𝑝 ∙ 𝜔
𝜕𝑇𝑅𝑜𝑢𝑡 𝑜𝑢𝑡
𝜕𝑅𝐻𝑜𝑢𝑡 𝑜𝑢𝑡 𝑅𝐻𝑜𝑢𝑡
= 0.011 𝑃𝑠𝑖

𝜔𝑉𝑝𝑜𝑢𝑡
0.011
∙ 100% =
∙ 100% = 2.656%
𝑉𝑝𝑜𝑢𝑡
0.410
7- Humidity Ratio (W) and Uncertainty in Humidity Ratio (ωW)
𝑊𝑜𝑢𝑡 = 0.62198 ∙

𝜔𝑊𝑜𝑢𝑡

𝑉𝑝𝑜𝑢𝑡
0.410
𝑙𝑏 𝑤
= 0.62198 ∙
= 0.018
𝑃 − 𝑉𝑝𝑜𝑢𝑡
14.7 − 0.410
𝑙𝑏 𝑑𝑎

2
2
𝜕
𝜕
𝑙𝑏 𝑤
√
√
= (
𝑊𝑜𝑢𝑡 ∙ 𝜔 𝑇𝐶𝑜𝑢𝑡 ) + (
𝑊𝑜𝑢𝑡 ∙ 𝜔𝑅𝐻𝑜𝑢𝑡 ) = 4.879 ∙ 10−4
𝜕𝑇𝑅𝑜𝑢𝑡
𝜕𝑅𝐻𝑜𝑢𝑡
𝑙𝑏 𝑑𝑎

𝜔𝑊𝑜𝑢𝑡
4.879 ∙ 10−4
∙ 100% =
∙ 100% = 2.732%
𝑊𝑜𝑢𝑡
0.018

8- Daily Humidity Load (DHL), Daily Dehumidification (DDHM), and Uncertainty
in Percentage
𝐷𝐻𝐿 = 𝑊𝑜𝑢𝑡 − 𝑊𝑖𝑑 = 0.018 − 0.009 = 0.009

𝑙𝑏 𝑤
𝑙𝑏 𝑑𝑎

𝐷𝐷𝐻𝑀 = 𝑊𝑜𝑢𝑡 − 𝑊𝑖𝑛 = 0.018 − 0.01 = 0.008

𝑙𝑏 𝑤
𝑙𝑏 𝑑𝑎
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2

2

𝜔𝐷𝐻𝐿 = √(𝜔𝑊𝑜𝑢𝑡 ) + (𝜔𝑊𝑖𝑑 ) = √(4.879 ∙ 10−4 )2 + (9.88 ∙ 10−5 )2 = 4.978 ∙ 10−4
2

2

𝜔𝐷𝐷𝐻𝑀 = √(𝜔𝑊𝑜𝑢𝑡 ) + (𝜔𝑊𝑖𝑛 ) = √(4.879 ∙ 10−4 )2 + (9.97 ∙ 10−5 )2 = 4.98 ∙ 10−4
𝜔𝐷𝐻𝐿 4.978 ∙ 10−4
=
∙ 100% = 5.771%
𝐷𝐻𝐿
0.009
𝜔𝐷𝐷𝐻𝑀 4.98 ∙ 10−4
=
∙ 100% = 6.314%
𝐷𝐷𝐻𝑀
0.008
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